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Abstract: The Root Zone Water Quality Model (RZWQM) is a one-dimensional, numerical model for
simulating water movement and chemical transport under a variety of management and weather scenarios
at the field scale. The pesticide module of RZWQM includes detailed algorithms that describe the complex
interactions between pesticides and the environment. We have simulated a range of situations with
RZWQM, including foliar interception and washoff of a multiply applied insecticide (chlorpyrifos) to
growing corn, and herbicides (alachlor, atrazine, flumetsulam) with pH-dependent soil sorption, to
examine whether the model appears to generate reasonable results. The model was also tested using
chlorpyrifos and flumetsulam for the sensitivity of its predictions of chemical fate and water and
pesticide runoff to various input parameters. The model appears to generate reasonable representations
of the fate and partitioning of surface- and foliar-applied chemicals, and the sorption of weakly acidic
or basic pesticides, processes that are becoming increasingly important for describing adequately the
environmental behavior of newer pesticides. However, the kinetic sorption algorithms for charged
pesticides appear to be faulty. Of the 29 parameters and variables analyzed, chlorpyrifos half-life, the
Freundlich adsorption exponent, the fraction of kinetic sorption sites, air temperature, soil bulk density,
soil-water content at 33 kPa suction head and rainfall were most sensitive for predictions of chlorpyrifos
residues in soil. The latter three inputs and the saturated hydraulic conductivity of the soil and surface
crusts were most sensitive for predictions of surface water runoff and water-phase loss of chlorpyrifos.
In addition, predictions of flumetsulam (a weak acid) runoff and dynamics in soil were sensitive to the
Freundlich equilibrium adsorption constant, soil pH and its dissociation coefficient.
 Published in 2004 for SCI by John Wiley & Sons, Ltd.
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1 INTRODUCTION
As simulation models evolve in an attempt to
describe natural ecosystems in increasing detail, they
incorporate more process algorithms requiring more
parameters. These algorithms must be tested, first to
determine simply whether they behave as expected
and second by comparison with experimental data.
Furthermore, the additional input parameters in many
cases have to be derived, estimated or calibrated, and
such estimated parameters may have different levels of
uncertainty. Thus, it becomes critical to know those
parameters to which the final model output is most
sensitive.

Sensitivity analysis is an essential step in model
parameterization, uncertainty analyses and the envi-
ronmental fate model application.1,2 Examples
include sensitivity analyses of the CREAMS,3,4

RUSLE5 and HSPF models.6,7 Typically the
technique involves assessing the changes in a
model response or output in relation to changes
in individual input parameters.4,8 This approach
is often referred to as ‘local’ sensitivity anal-
ysis because it does not characterize interac-
tions between parameters, although there are more
‘global’ approaches that account for parameter
interactions.9,10 In this stage of RZWQM development
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we confine ourselves to performing local sensitivity
analyses.

RZWQM is a one-dimensional, numerical model for
simulating water movement and chemical transport
in runoff and through a soil profile under a
variety of agricultural management practice and
weather scenarios at the field scale.11 More than
100 parameters and input variables are needed to
characterize completely a system (climate, soil, crop,
chemicals and tillage). The pesticide module of
RZWQM includes detailed processes for simulating
pesticide fate and transport. Databases included in
the model provide many default parameter values, but
such values can be uncertain and unrealistic for a
specific site.

Algorithm testing and sensitivity analyses here
focus on five major output variables: surface water
runoff, pesticide loss in surface runoff, and pesticide
dissipation on crop canopy (crop residues), at the
soil surface (defined in RZWQM as the top 1-cm
layer) and in the soil profile (including the top 1-cm
layer). RZWQM leaching prediction sensitivities are
not reported here, but are discussed by Malone et al12

in an accompanying paper. Leaching sensitivity to
various parameters has been explored thoroughly in
several other pesticide fate models.8,9,13–15

2 MODEL DESCRIPTION
A detailed description of RZWQM has been given
by Ahuja et al11 and the pesticide dissipation and
degradation module is discussed by Wauchope et al.16

A brief description of the major algorithms we tested
is presented here.

2.1 Hydrology sub-model
A two-domain water flow model is used in RZWQM:
soil matrix and macropores. Water infiltration into the
soil matrix during rainfall and irrigation is described
by a modification of the Green–Ampt equation17–19

numerically modeled for each 1-cm depth increment:

V = KS

2
· τc + H0 + Zwf

Zwf
(1)

where V is the infiltration rate (cm h−1); Ks is the
effective average saturated hydraulic conductivity of
the wetting soil profile (cm h−1); τc is the capillary
drive at the wetting front (cm), which is calculated
from the unsaturated hydraulic conductivity-suction
function of the wetting zone;18,20 H0 is the depth of
surface ponding (cm); and Zwf is the depth of wetting
front (cm). A viscous resistance correction factor of 2
is used in eqn (1) to correct the effect of entrapped air
on Ks, based on the work of Bouwer,21 Morel-Seytoux
and Khanji,22 and Brakensiek and Onstad.23 If the
average rainfall rate during a wetting interval is less
than V as calculated by eqn (1), V is set equal to the
rainfall rate.

The Green–Ampt equation is modified to handle
the numerical problem when surface crusts/seals
exist. Surface crusts/seals are assumed to be 0.5 cm
thick with a model default or user-defined saturated
hydraulic conductivity.

When rainfall rate exceeds the maximum soil
infiltration rate, surface water runoff is produced.
Runoff water is allowed to flow into macropores that
are open at the soil surface, to the limit of macropore
flow capacity, which is calculated by the Poiseuille’s
law assuming gravity flow. Water in macropores is
subject to lateral infiltration into the soil matrix, which
is modeled by a radial Green–Ampt type equation.24,25

Redistribution of soil water following infiltration is
modeled by a mass-conservative numerical solution of
the Richards’ equation:26

∂θ

∂t
= ∂

∂z

[
K(h, z)

∂h
∂z

− K(h, z)

]
− S(z, t) (2)

where θ is the volumetric soil-water content
(cm3 cm−3) and K is the unsaturated hydraulic con-
ductivity (cm h−1), both being functions of soil-water
suction head, h (cm), and depth, z (cm); t is time
(h); S(z, t) is a sink term for plant root water uptake
and tile drain rate. The root uptake term is solved
following Nimah and Hanks.27

The soil water retention relationship in eqn (2) for
each soil horizon is described by a modification of the
Brooks and Corey function:11,28

θ(h) = θs − A1h h ≤ hb (3a)

θ(h) = θr + B1h−λ h > hb (3b)

where θs and θr are the saturated and residual soil-
water contents (cm3 cm−3), respectively; hb is the
air-entry or bubbling suction head (cm); λ is the pore-
size distribution index; A1 is a constant. When A1 is set
to zero, eqn (3) reduces to the original Brooks–Corey
function. B1 is a dependent parameter and can be
determined11 by the condition of continuity at h = hb.

The hydraulic conductivity versus matric suction
relationship in eqn (2) is described by11

K(h) = Ksh−N1 h ≤ hb (4a)

K(h) = K2h−N2 h > hb (4b)

where N1, N2, and K2 are constants. K2 can be
determined in the same way as for B1 in eqn (3b).

Parameters for defining eqns (3) and (4) are not
always available. In such a case, RZWQM uses
the extended similar-media scaling technique29 to
estimate the θ(h) function using soil bulk density and
soil-water content at 33 kPa or 10 kPa suction head.
The soil bulk density is used to calculate soil porosity
(�) from which θs is calculated. The reference θ(h)

function used in the scaling is the textural mean of
θ(h) function of Rawls et al.30 The Ks value after a soil
tillage is an estimate based on soil-water content at
33 kPa suction head and soil bulk density of the tilled
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soil.31 From the knowledge of Ks and θ(h) function, the
complete unsaturated hydraulic conductivity function,
K(h), is obtained using the capillary-bundle model as
described by Campbell.32

Evapotranspiration in RZWQM uses a modification
of the double-layer model33,34 to calculate potential
soil evaporation and crop transpiration. Major inputs
are the maximum and minimum air temperatures,
short-wave radiation, wind speed, relative humidity,
and albedos for dry soil, wet soil, crop canopy and
crop residues.

2.2 Pesticide sub-model
To reflect the behavior of pesticides in different parts of
an agricultural ecosystem, the system is conceptually
divided into four compartments: crop foliage, crop
residues, soil surface, and soil sub-surface or root
zone. Degradation of pesticides in each compartment
is assumed to follow pseudo first-order kinetics:

dC
dt

= −kC or, integrated: C = C0 · e−kt (5)

where C0 is the initial pesticide concentration; C is
the pesticide concentration on day t; and k is the
pseudo-first-order rate constant (day−1). The values
of k for the soil surface and sub-surface compartments
are adjusted for temperature and soil water content as
described by Walker et al:35,36

k(T , θ)=k(Tref , θref )· exp
{

Ea

R

(
1

Tref
− 1

T

)}
·
(

θ

θref

)−β

(6)

where k(T , θ) is the rate constant at temperature
T(K) and soil-water content θ ; k(Tref , θref ) is the
rate constant at a reference temperature Tref (K) and
reference soil water content θref ; Ea is the degradation
activation energy; R is the universal gas constant; and
β is a constant.

Pesticides deposited on crop canopy and crop
residues are subject to washoff onto the soil surface
by subsequent rainfall or irrigation. This process is
modeled by a power function as described by Willis
et al:37

m = m0Fwo exp(−PwoIR�t) (7)

where m0 and m are pesticide mass per unit surface
area of crop canopy or crop residues (µg cm−2) before
and after washoff, respectively; Fwo is the percentage
of washable (dislodgeable) pesticides; Pwo is a rainfall
washoff exponent; IR is the rainfall rate (cm h−1), and
�t is the time increment (h).

Transfer of pesticides from near-surface soil to
runoff water is modeled by a non-uniform mixing
model,38,39 assuming pesticide runoff occurring in the
top 2 cm of soil:

M = e−Bz (8)

where M is the average degree of mixing between
raindrops and soil solution integrated for each 1 cm
over the top 2 cm, and B is a regression coefficient. A

value of 4.4 cm−1 is recommended for B by Ahuja.38

Pesticide transferred into runoff is the product of the
degree of mixing and pesticide concentration in soil
solution at each depth increment.

Mass transfer of pesticides between soil layers in the
soil matrix is modeled by a partial-piston displacement
and partial-mixing approach for each 1-cm depth
increment.25 Pesticide displacement and mixing occur
only in mesopores, but pesticide diffusion is allowed
between micropores (immobile phase) and mesopores
(mobile phase) according to the Fick’s first law,
and pesticide concentrations in both micropores and
mesopores are allowed to reach equilibrium at the end
of each time step.

Partitioning of pesticides between soil particles and
solution can be modeled by a linear or Freundlich
instantaneous equilibrium partitioning model:

Cs = Kd · Cw = Koc · foc · Cw or Cs = Kf · C1/n
w

(9)

where Cs and Cw are pesticide concentrations
adsorbed and in solution at equilibrium; Kd and Koc

are partitioning coefficients based on soil and soil
organic carbon fractions (foc), and Kf and 1/n are
the Freundlich adsorption coefficient and exponent,
respectively. Alternatively, pesticide sorption can be
modeled by a two-site, equilibrium-kinetic sorption
model40–43 in which a fraction F of the soil sorption
sites are in instantaneous equilibrium with solution as
described by eqn (9) and the remaining fraction (1-F)
of the sites are described by the first-order reversible
adsorption kinetics:

dCk

dt
= kads · [(1 − F)KdCw − Ck] (10)

where Ck is the pesticide concentration on kinetic
sorption sites and kads is a kinetic sorption rate constant
(h−1). The total pesticide sorbed is the sum of the
pesticides sorbed on the two types of site.

RZWQM models sorption of partially ionized
pesticides by calculating the degree of ionization based
on the input of acid or base ionization equilibrium
constants and the pH of the soil, with a correction
factor of −1.8 pH unit for surface acidity.16,44,45 In
the absence of adsorption constants for cations and
anions, a default Koc value of 10 is assigned to anions
and 105 to cations. The linear, the Freundlich and
the two-site sorption models may all be combined
with ionization to describe weak-acid or weak-base
molecule sorption.

3 MATERIALS AND METHODS
The results presented here are based on RZWQM
version 1.0.2001.1016. Sensitivity analyses were
conducted using a scenario constructed from an
experimental data set collected from a 14.5 × 42.9 m
rainfall simulator plot (plot 92A) in a conventional
corn (Zea mays L) system. The soil was a Tifton

242 Pest Manag Sci 60:240–252 (online: 2004)



The pesticide module of RZWQM

loamy sand (fine-loamy, kaolinitic, thermic Plinthic
Kandiudults). Details of the field study have been
reported elsewhere.46,47 Briefly, the study involved
applying six artificial rainfalls (25 mm h−1 for 2 h each)
to the field using a large-scale rainfall simulator48

immediately after pesticide applications at various
stages of crop growth. Runoff flows were measured
and runoff water was sampled for pesticides and
sediment. Chlorpyrifos was applied broadcast at a
rate of 1.12 kg AI ha−1 1 day before each of the
rainfall simulation Events 3, 4, and 5. These three
applications were made ranging from post-emergence
through mature crop. Atrazine and alachlor were
surface broadcast just before planting corn at 1.6
and 1.26 kg AI ha−1, respectively. A weakly acidic
herbicide, flumetsulam, was also modeled (though it
was not used experimentally), assuming it was surface
broadcast at a rate of 0.075 kg AI ha−1 at the same time
as atrazine and alachlor applications. Corn residues of
10 tonne ha−1 were assumed to exist initially at the soil
surface.

Measured soil and soil hydraulic properties
(Table 1) were used to parameterize the hydrology
sub-model of RZWQM. The measured soil water
content at 33 kPa suction head, soil bulk density,
saturated hydraulic conductivity and soil particle-
size distribution were used to estimate parameters
for describing the soil-water retention (eqn (3)) and
hydraulic conductivity (eqn (4)) functions according
to the extended similar-media scaling technique.29 As
such, all evaluations were on the basis of such soil
hydrology estimations.

Tifton loamy sand is a crusting soil49,50 and surface
crusts/seals were observed during the study, but the
saturated hydraulic conductivity of the surface crusts
was not measured. For the purposes of this study
we simply calibrated the model by minimizing the
differences between measured and predicted surface
water runoff total for all six artificial rainfall events,
with special treatments for Events 1 and 2, as described
below; a surface seal saturated hydraulic conductivity
of 0.007 cm h−1 gave reasonable surface water runoff
prediction.

Even with seals, RZWQM initially predicted no
runoff from Events 1 and 2 because the tillage
operations immediately before these events (plowing

and bed formation on the day of Event 1; planting
and rototilling47 on the day before Event 2) caused the
model to destroy seals. A large rainfall event falling on
such freshly tilled soil will initially reconsolidate and
reseal the soil and, as rainfall continues, runoff will
eventually be generated. However, RZWQM adjusts
seals and soil bulk density only on a daily time
step. Thus, within-storm reconsolidation will not be
simulated until the end of the day—an example of the
limitations of daily time step models.

We artificially generated surface seals before Events
1 and 2. To form seals before Event 1 we
artificially moved the major tillage events—moldboard
plowing and bed formation—back 2 days, prior to a
moderate natural rainfall event that occurred before
the simulated rainfall event. To form seals before
Event 2 we moved the planting/rototilling tillage back
1 day, and inserted a small (0.3 mm) rain on the day
before Event 2—just enough to seal the surface.
These manipulations gave reasonable water runoff
simulation based on which we examined the model
sensitivities.

Input parameter values for the pesticides are
given in Table 2. The Koc and half-life values for
chlorpyrifos, atrazine and alachlor were obtained from
Wauchope et al51 and Getzin.52 We used the two-site,
equilibrium-kinetic sorption model for chlorpyrifos
sorption and assumed 30% of the soil sorption
sites were ‘kinetic’ diffusion controlled. The kinetic
sorption rate constant for chlorpyrifos was estimated53

as 0.002 h−1. The Koc values for flumetsulam and
its deprotoned anion were obtained from Fontaine
et al.54 The Freundlich equation (eqn (9)) was used
for all pesticides with 1/n being equal to 1 (Table 2).
Pesticide half-life and washoff parameter values on
crop residues were assumed to be the same as those
on crop canopy (Table 2). Measured meteorological
data at the experimental site were used in the
simulations. These data were used as base values to
conduct sensitivity analyses for predictions of pesticide
washoff and dissipation in different compartments
including corn canopy (crop residues), soil surface
and the root zone, and mass transfer (washoff) between
compartments.

To examine RZWQM’s predicted pH dependence
of sorption of the ionizable herbicides (atrazine and

Table 1. Means (n = 24) of selected soil and soil hydraulic properties of Tifton loamy sanda

Sand Silt Clay OC
Depth θf θr ρ Kg

s

(m) (%) (m3m−3) (m3m−3) pH (mg m−3) (cm h−1)

0.0–0.29 84.6 9.3 6.1 0.79 0.099 0.043 4.8 1.64 12.05
0.29–0.62 63.4 11.4 25.2 0.34 0.244 0.150 4.6 1.69 4.54
0.62–0.92 62.9 11.0 26.1 0.24 0.272 0.161 5.0 1.66 3.52
0.92–1.11 62.3 10.6 27.1 0.12 0.294 0.177 5.5 1.68 3.35
1.11–1.43 60.4 11.8 27.8 0.02 0.303 0.187 5.1 1.69 0.49
1.43–1.60 48.3 15.8 35.9 0.01 0.375 0.225 4.3 1.65 0.19

a OC is soil organic carbon content; θf and θr are volumetric soil water contents at 33 kPa and 1500 kPa suction head, respectively; ρ is soil bulk
density; and Kg

s is the geometric mean of the saturated hydraulic conductivities. Soil pH was measured using 0.01 M CaCl2 solution.
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Table 2. Selected properties of the tested pesticides

Pesticide Chlorpyrifos Alachlor Atrazine Flumetsulam

Soil (neutral) OC sorption coefficient (liter kg−1) 6070 170 100 650
Anion/cation OC sorption coefficient (liter kg−1) 100 000 (cation) 12 (anion)
Kinetic sorption rate constant (h−1) 0.002 0 0 0
Freundlich adsorption exponent (1/n) 1.0 1.0 1.0 1.0
Acid/base dissociation constant 12.3 (pKb) 4.6 (pKa)

Foliar deposit half-life (days) 2
Half-life on crop residues (days) 2 3 3 0.2
Soil surface layer half-life (days) 7 (30)a 5 20 20
Soil sub-surface half-life (days) 30 15 60 20
Fraction of kinetic sorption sites 0.3 0 0 0
Washoff fraction 0.65 1.0 1.0 0.5
Washoff exponent 0.002 0.013 0.005 0.005

a Seven days used for calculations in Figs 2 and 3, and 30 days used for sensitivity base value.

flumetsulam) we input an artificially large decrease
in soil pH with depth, of one full unit per horizon,
and examined the predicted concentrations of the
herbicides in the soil and solution phases, and used
these values along with the total of the humus carbon
fractions to examine the apparent Koc values.

The magnitude of output changes resulting from
parameter input changes were compared with the
magnitude of the input changes. If a selected
parameter had simultaneous multiple values (for
example, soil saturated hydraulic conductivity has
six values, one for each soil horizon) then all
the values were varied simultaneously by the same
percentage about the base values. The range of
parameter variations was determined primarily in
preliminary runs according to the sensitivities of
selected parameters. The criterion of Lane and
Ferreira4 was used to define whether or not a tested
parameter or input variable was sensitive; ie a model
parameter or input variable is defined as sensitive if
errors in that parameter or input variable result in
errors in output variables as large as or larger than the
parameter errors. However, we defined the sensitivity
index (S(i)) for parameter or variable i as:

Si =
(

Pi − Pb
i

Pb
i

)
· 100 (11)

where Pi is the prediction with varying parame-
ter/variable i and Pb

i is the same prediction with the
corresponding base value.

This sensitivity index is different from the sensitivity
coefficient commonly in use, which is a partial
derivative representing the change in model outputs
resulting from a change in a model input. The
problem with the usual sensitivity coefficient is that
the magnitude of sensitivity depends on both the
dimension and units of parameters. One may calculate
sensitivities for two parameters that are numerically
equal, however, they may not be dimensionally
identical. Thus, simply comparing numerical values
(sensitivity coefficients) calculated according to the
derivative may be inadequate.

No model calibration was done except for selecting
a fitting saturated hydraulic conductivity of surface
crusts/seals. Because a large number of parameters
were used in the sensitivity analysis, only annual sur-
face water runoff and mean value of runoff from
the six artificial rainfall events were compared to
determine the sensitivities of parameters for hydrol-
ogy simulations. Among the hydrology parameters
employed in RZWQM, soil-water content at 33 kPa
(θf ), 1500 kPa and at saturation (θs), bubbling pres-
sure (hb), and pore-size distribution index (λ) are
known to be important parameters in determining
surface water runoff. The sensitivity of hb and λ

and the effects of soil macropores on surface runoff
have been examined for RZWQM12,46,55 and for a
similar model, Opus.56 The θs is not measured but
calculated25 from soil bulk density (ρ). Thus, ρ could
affect runoff prediction. In RZWQM, θs and θf are
used to calculate effective porosity, which is then
used to calculate the saturated hydraulic conductiv-
ity (Ks) of the soil after tillage.25 The Ks values of
soil matrix and surface crusts/seals are used in the
Green–Ampt equation (eqn (1)) and the Richards’
equation (eqn (2)) for calculations of water infiltration
and redistribution. Therefore, Ks could significantly
affect the runoff prediction. The sensitivities of the
albedo parameters for dry soil, wet soil and mature
crop to runoff were also included in the analy-
ses.

Runoff loads of the pesticides at the edge of
the field and residual mass on crop canopy (crop
residues), at the soil surface (top 1 cm) and in the
soil profile (including top 1 cm) were compared to
determine the sensitivities of parameters to pesticide
fate and transport simulations. Based on the half-lives
of the pesticides in different compartments (Table 2),
the endpoints were selected for comparison. The
endpoint for comparing sensitivities of parameters to
the prediction of pesticide mass on crop canopy (crop
residues) was the mass of the pesticide on canopy
(crop residues) at 4 days after the last application. The
endpoints for other comparisons were predictions at
the end of the simulations. All major pesticide input
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parameters and sensitive hydrology parameters were
examined in the sensitivity analysis.

4 RESULTS AND DISCUSSION
4.1 Simulations of water runoff and chemical
fate using base values
Figure 1 shows the measured and modeled surface
water runoff for the six artificial rainfall events from
plot 92A using base parameter values from Tables 1
and 2. These predictions can easily be improved with
parameter adjustment, but the average relative error
was 48%—within a factor of 2. This magnitude
of error is considered acceptable given the variety
of conditions of the field experiment (ranging from
freshly tilled bare soil to complete corn canopy).
Figure 1 also shows the measured average and variance
of runoff from the four replicate runoff events from the
same experiment47 including plot 92A. The average
difference between RZWQM predictions for plot 92A
and these measured average runoff amounts is closer:
the average relative error was only 18%. These results
were considered adequate for sensitivity testing for
pesticide losses and no further model calibration was
conducted.

Figure 2 shows how RZWQM partitioned chlorpyri-
fos between corn foliage and soil solid and solution
phases. The three peaks in predicted chlorpyrifos
amounts on corn canopy and in soil (Fig 2a, b) cor-
respond to three applications of chlorpyrifos to corn
plants on April 24, May 11 and June 1 at the four-leaf
stage, six-leaf stage and near maturity, respectively.
Ground cover estimates by RZWQM are shown on
Fig 2a, along with the predicted amounts of chlor-
pyrifos deposited on corn canopy. Simulated foliar
chlorpyrifos residues dissipated rapidly on corn canopy
(Fig 2a) in response to foliar washoff and the 2-day
half-life used in the simulation.

The remainder of the chlorpyrifos applications
deposited on crop residues (not shown) and on the
soil (Fig 2b). Because chlorpyrifos sorption coefficient
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Figure 1. Observed and RZWQM-predicted water runoff amounts for
plot A, 1992 rainfall simulation events, and averages and standard
deviations of measured runoff for similar events for four plots.
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Figure 2. Three 1.12 kg ha−1 applications of chlorpyrifos at two-week
intervals to a growing corn canopy result in increasing interception by
corn foliage as the corn canopy develops. Un-intercepted chlorpyrifos
deposits on soil where it partitions between soil equilibrium and
‘kinetic’ sorption sites and soil water (dissolved amounts are too small
to be seen at this scale, see Fig 3).

(Koc) is large (Table 2), only a small fraction of
chlorpyrifos was predicted in solution and this fraction
fluctuated as rainfall and chlorpyrifos were applied to
the system (Fig 3c).

We do not have measured chlorpyrifos data to
compare with the model simulations. However, in
another paper in this series, Ma et al57 showed
that RZWQM predictions of runoff of several other
pesticides and transformation products matched the
measured data well. Since the erosion sub-routine
is not activated in the current version of RZWQM,
the predictions for the bare-soil and nearly bare-
soil runoff Events 3 and 4, respectively, almost
certainly underestimated chlorpyrifos runoff losses.
It is interesting that, as the canopy got close
to full cover in the last ‘worst-case’ runoff event
(Event 5), in which chlorpyrifos was applied 24 h
before runoff, chlorpyrifos showed an increase in
solution-phase runoff (Fig 3b) (whereas the eroded
chlorpyrifos was certainly less because of the high
crop cover and less intense interactions between rain
drops and surface soil)—this is probably due to
the high accumulated chlorpyrifos concentrations at
the soil surface after three consecutive applications.
Full canopy cover at Event 5 increased chlorpyrifos
interceptions on canopy during the application and
the subsequent foliar washoff of the intercepted
chlorpyrifos also contributed to higher chlorpyrifos
runoff. Thus, within these limitations, the model
appears to simulate chlorpyrifos behavior in this
complex scenario reasonably well.
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Unlike the washoff of the post-emergence appli-
cations of chlorpyrifos that primarily occurred on
corn canopy, the washoff of the pre-emergence appli-
cations of alachlor and atrazine occurred on corn
residues (Fig 4). Based on the mass of corn residues

(10 tonne ha−1) at the beginning of the simulation,
RZWQM predicted that 72% and 71% of surface-
applied alachlor and atrazine, respectively, were inter-
cepted during the applications. Pesticide intercepted
on corn residues dissipated rapidly as a result of short
half-lives (Table 2) and washoff to soil surface by rain-
falls. This is especially obvious for alachlor (Fig 4)
because of its higher washoff exponent (Table 2).

Data in Fig 5 show the simulated mass of alachlor
and atrazine in surface water runoff and in soil
solution. Unlike the runoff loss of the multiply applied
chlorpyrifos in water (Fig 3b), the runoff loss of
single-applied alachlor and atrazine in water decreased
monotonically with time (Fig 5a). As with chlorpyrifos
(Fig 3c), the mass of alachlor and atrazine in soil
solution (Fig 5b) fluctuated as a result of the release
of the herbicides into the soil solution (desorption) as
water was added.

The predicted pH dependence of the sorption of
the three herbicides is shown in Fig 6. Alachlor, a
neutral molecule, shows no pH dependence. For acidic
flumetsulam and basic atrazine, if reasonable values
of pKa or pKb and the neutral and ionic species
are input (Table 2), then the predicted herbicide
soil–water partitioning appears to follow the correct
pattern—note that the ‘near-surface’ pH correction
of −1.8 units means that the shift to the higher-
sorbing species occurs at about 2 pH units above the
pK value. However, we discovered that (a) non-zero
kinetic parameters appear to affect the overall Koc

value, and thus all were set to zero to obtain the values
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depth. Alachlor, a neutral molecule, shows no pH dependence; acidic flumetsulam and basic atrazine exhibit the correct pH dependence.

in Fig 6; this requires more investigation and may
require a model fix; (b) allowing the model to attempt
to estimate the neutral species Koc from inputting
only pK and observed Koc at a reference pH does
not appear to be working properly. Sensitivity analysis
for flumetsulam Koc below also indicates potential
problems of this process simulation. Thus, we caution
that a clarification of the best procedure for inputting
data for ionizable compounds is needed.

4.2 Sensitivity of predicted water runoff
to hydrology parameters
Parameters tested for sensitivity for predicted sur-
face water runoff are given in Table 3. Of the eight
parameters/variables analyzed for sensitivity to surface
water runoff prediction (Table 3), soil water content
at 33 kPa (θf ), soil bulk density (ρ), the saturated
hydraulic conductivity of surface crusts/seals (K c

s ), and
rainfall were identified as sensitive parameters based
on the sensitivity criterion (eqn (11)). These param-
eters played critical roles in the runoff simulation.
Therefore, efforts and resources should be spent on

quantifying these parameters for accurate and reliable
runoff prediction. Albedos of the soil and crop were
insensitive parameters for runoff prediction, as might
be expected, although there was a small response.
Increasing ρ is expected to increase surface runoff
and vice versa. However, the opposite was observed
(Table 3). This is probably due to the interactions
among ρ, soil porosity (�), and θs, as described pre-
viously. This could also result from the limitations of
the ‘local’ sensitivity analysis approach that only allows
for one model input to change at a time. Because �

is inversely related to ρ, when ρ increases, the model
internally calculated � decreases. When the calculated
� goes below the user-input θs, then a problem occurs.
More investigation into this problem is needed.

The soil saturated hydraulic conductivity (Ks) was
expected to be a sensitive parameter, but it turned out
to be rather insensitive (Table 3). A close examination
of the program revealed that the insensitivity of the
soil Ks in this case was caused by the formation
of surface crusts/seals, which had a much smaller
hydraulic conductivity than that of the soil surface
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Table 3. Sensitivities of event and annual water runoff to parameter variation

Parameter
Base
value

Variation (%
of base value)

Event runoff
mean (cm)

Change in
event runoff
mean (%)

Annual
runoff (cm)

Change in
annual

runoff (%)

Base run 0 1.01 0 13.19 0

Soil-water content at Table 1 −10 1.87 85 23.59 79
33 kPa +10 0.37 −64 5.80 −56

Soil bulk density Table 1 −10 1.74 72 22.67 72
+10 0.11 −89 3.66 −72

Soil saturated hydraulic Table 1 −10 1.13 12 13.72 4
conductivity +10 1.04 3 12.72 −4

Soil crust saturated 0.7 × 10−2 −10 1.23 22 14.82 12
hydraulic conductivity +10 0.95 −6 11.78 −11
(cm h−1)

Albedo of dry soil 0.25 −50 1.07 6 13.10 −0.7
+50 1.09 8 13.28 0.7

Albedo of wet soil 0.10 −50 1.07 6 13.18 −0.08
+50 1.09 8 13.20 0.1

Albedo of mature crop 0.35 −50 1.07 6 13.09 −0.8
+50 1.09 8 13.31 0.9

Daily rainfall amount Measured −10 0.68 −33 8.65 −34
+10 1.52 51 18.49 40

horizon (Table 1). In RZWQM, the mean Ks of the
wetting soil profile for a homogeneous soil or the
surface layer of a layered soil is assumed to be the field
saturated hydraulic conductivity, while the mean Ks

of the wetting soil profile for a layered soil with the
Ks decreasing with depth is equal to the harmonic
mean of the Ks of the wetted zone(s). However,
if the Ks of the subsoil layer in a layered soil is
greater than that of the harmonic mean above it,
the harmonic mean of the Ks of the wetting soil profile
will govern the flow in the subsoil layer. Thus, the
surface crust hydraulic conductivity plays a dominant
role in determining water infiltration and runoff at the
soil surface. A test simulation indicated that surface
water runoff prediction would be very sensitive to
Ks had surface crusts/seals not existed (data not
shown). This is a good example of a case where
the sensitivity of one parameter may be masked by
another.

4.3 Sensitivity of predicted pesticide mass
and runoff loads
Data in Table 4 summarize the sensitivities of
predictions of chlorpyrifos mass on crop canopy
(crop residues), at the soil surface, in the soil
profile and in runoff, to selected parameters. Some
parameter sensitivities are obvious and are as expected;
some others may need explanations because of the
parameter interactions, which affect the sensitivity
index calculations. Chlorpyrifos on crop canopy (crop
residues) was only sensitive to input foliar (crop
residues) half-life (Table 4). A small sensitivity of
chlorpyrifos on foliage to temperature is observed:
a 2 ◦C change in temperature resulted in a 0.5%
change in predicted chlorpyrifos mass on canopy. This

might be caused by pesticide volatilization simulation
since RZWQM calculates pesticide volatilization when
the pesticide vapor pressure and water solubility are
provided.

The prediction of chlorpyrifos mass at the soil
surface was sensitive to the fraction of kinetic sorption
sites (1-F), the Freundlich exponent (1/n), rainfall,
θf , ρ, chlorpyrifos half-life at the soil surface and
air temperature, and nearly sensitive to soil organic
carbon content (Table 4). The chlorpyrifos Koc was
expected to be a sensitive parameter. This was not
observed because the sensitivity of Koc was masked
by that of the fraction of kinetic sorption sites of
the two-site sorption model. When the instantaneous
equilibrium adsorption model (eqn (9)) is used, as
demonstrated below for flumetsulam, the prediction
is sensitive to Koc. Notice that a 25% decrease in 1/n
resulted in a 37% increase in chlorpyrifos mass at the
soil surface while a 25% increase in 1/n only resulted
in a 0.07% increase (Table 4)—this is an example
of extrapolating the Freundlich equation into regions
of high concentrations. The prediction of chlorpyrifos
mass in the soil profile was much less sensitive to
1/n, but was sensitive to half-life in the surface layer
(Table 4). This occurred because more than 66% of
the total chlorpyrifos in soil was still in the top 1 cm at
the end of the simulation. In addition, the prediction
of chlorpyrifos mass in the soil profile was sensitive
to θf , 1-F, ρ and air temperature. Like the sensitivity
of Koc at the soil surface, the sensitivity of Koc in the
soil profile was also masked by the fraction of kinetic
sorption sites.

The prediction of chlorpyrifos annual load in
surface water runoff was sensitive to rainfall, θf ,
ρ, and K c

s (Table 4). It was expected that runoff
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Table 4. Sensitivities of chlorpyrifos mass on crop canopy (crop residues), at the soil surface and in the soil profile and annual runoff load total to

various input parameters

Chlorpyrifos sensitivity index (%)

Parameter Base value Variation (%)
Crop canopy/
crop residues

Soil
surface

Soil
profile

Annual runoff
mass

Runoff mixing coefficient (cm−1) 4.4 −25 —a −0.3 −0.3 12
+25 0.3 0.2 −7

Walker soil moisture power factor −0.8 −25 — −4 −4 −0.1
+25 4 4 0.2

Soil organic carbon content Table 1 −25 — −24 −0.5 8
+25 20 0.4 −5

Activation energy for pesticide degradation (kJ mole−1) 54.0 −25 — −12 −12 −0.1
+25 10 11 0.2

Fraction of soil kinetic sorption sites Table 2 −25 — −25 −25 −0.5
+25 31 31 0.6

Foliar half-life Table 2 −10 −11 −0.1 −0.2 −0.7
+10 +11 0.3 0.2 0.4

Half-life on crop residues Table 2 −10 −20 −0.6 −0.6 −5
+10 20 0.6 0.6 4

Foliar washoff fraction Table 2 −25 0.4 −0.7 −0.8 −4
+25 −0.4 0.9 0.8 4

Foliar washoff power parameter Table 2 −25 0.4 −0.7 −0.8 −4
+25 −0.4 0.9 0.8 4

Soil organic carbon sorption coefficient Table 2 −25 — −12 −0.3 5
+25 8 0.2 −3

Freundlich 1/n 1.0 −25 — 37 −8 −11
+25 0.07 0 0

Daily rainfall amounts Measured −10 0.4 12 8 −40
+10 −0.3 −9 −7 44

Soil-water content at 33 kPa Table 1 −10 — −9 −11 85
+10 14 16 −70

Soil saturated hydraulic conductivity Table 1 −10 — −2 −2 5
+10 2 2 −4

Soil bulk densityb Table 1 −10 — −26 −26 78
+10 53 53 −89

Soil crust saturated hydraulic 0.7 × 10−2 −10 — 0.6 0.1 15
Conductivity (cm h−1) +10 −0.7 −0.6 −13
Kinetic sorption rate constant Table 2 −25 — 9 6 −0.1

+25 −5 −4 0.04
Half-life on soil surface Table 2 −10 — −20 −17 −0.5

+10 21 17 0.5
Daily average air temperature Measured −2 0.04 22 23 3

+2 −1 −17 −18 −3
Half-life in lower soil layers Table 2 −10 — −0.2 −4 0.04

+10 — 0.2 4 0.04

a —indicates no dependence, as expected.
b The endpoint for determining the sensitivity index was at 271 days after the start of the simulation because the model stopped running after this
date when the soil bulk density had increased by 10% of its base value. This could be a potential problem.

load of chlorpyrifos would be sensitive to the mixing
factor B (eqn (8)), but this was not observed in this
scenario.

The relatively high sensitivities of θf , ρ, and rainfall
for predictions of chlorpyrifos mass in soil and in
surface water runoff (Table 4) suggest that accurate
predictions of pesticide fate depend on the pesticide
physical and chemical properties as well as some soil
and environmental factors.

Data in Table 5 show the sensitive param-
eters/variables for predictions of flumetsulam
behaviour. As for chlorpyrifos, the prediction of

flumetsulam mass at the soil surface was sensitive
to θf , ρ, 1/n, rainfall, and air temperature. In addi-
tion, the prediction was also very sensitive to soil pH,
pKa, and the neutral molecule Koc. Note that both
increasing and decreasing the neutral molecule Koc by
25% resulted in high and negative sensitivity indices
(Table 5). It is expected that increasing the neutral
molecule Koc would result in a positive sensitivity
index (eqn (11)) because the same flumetsulam half-
life was assigned to both the soil surface layer and the
sub-surface layers (Table 2). This process apparently
needs further investigation, as discussed previously.
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Table 5. Sensitivities of flumetsulam mass on crop residues, at the soil surface, and in the soil profile and annual runoff load total to various input

parameters

Flumetsulam sensitivity index (%)

Parameter
Base
value

Variation
(%)

Crop
residues

Soil
surface Soil profile

Annual runoff
mass

Soil layer pH Table 1 +2 units —a −100 −6 554
+4 units −100 −48 396

pKa Table 2 −25 — −92 −4 239
+25 −93 −4 254

Soil-water content at 33 kPa Table 1 −10 — −19 −25 80
+10 41 48 −68

Soil saturated hydraulic conductivity Table 1 −10 — −5 −5 4
+10 4 4 −4

Soil bulk densityb Table 1 −10 — −58 −58 83
+10 228 226 −87

Soil crust saturated hydraulic conductivity Table 1 −10 — 2 1 14
+10 −2 −2 −13

Soil organic carbon sorption coefficient Table 2 −25 — −97 −5 325
+25 −88 −4 201

Freundlich 1/n 1.0 −25 — 136 −0.6 −4
+25 −0.6 −0.4 0

Daily rainfall amounts Measured −10 1 34 23 −39
+10 −1 −96 −22 393

Daily average air temperature Measured −2 2 82 83 0.7
+2 −2 −49 −49 −2

a —indicates no dependence, as expected.
b The endpoint for determining the sensitivity index was at 271 days after the start of the simulation because the model stopped running after this
date when the soil bulk density had increased by 10% of its base value. This could be a potential problem.

The prediction of flumetsulam mass in the soil profile
was sensitive to soil pH (though to a lesser extent than
that at the soil surface), θf , ρ, rainfall and air temper-
ature (Table 5). The prediction of flumetsulam mass
in surface water runoff was sensitive to all parame-
ters/variables in Table 5 except soil Ks, 1/n and air
temperature.

Figure 7 shows flumetsulam distribution in the soil
profile as affected by soil pH. A 2-unit increase in
soil pH moved the solute leading front (∼1.11 ×
10−4 mg kg−1) from 4 cm to 7 cm at 7 days after
flumetsulam application, while a 4-unit increase in
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Figure 7. Effects of soil pH on flumetsulam distribution in the soil
profile 7 days after application, including 5 cm rain 24 h after
flumetsulam application.

soil pH further moved the front to 36 cm. This is
consistent with observations by Fontaine et al.54

Sensitivities of predictions of alachlor and atrazine
were not analyzed. It is expected that the sensitivities
of chlorpyrifos predictions should reflect those
of alachlor; while the sensitivities of flumetsulam
predictions should reflect those of atrazine except with
pKa replaced by pKb.

5 CONCLUSIONS
The sensitive parameters identified in this study are in
general agreement with those found for Opus56 and
CREAMS.4 We are encouraged that the RZWQM
appears to be well behaved at describing two important
but complex processes—foliar deposition and washoff,
and sorption of weakly acidic or basic pesticides.
It is better to have a not-very-exact description of
an important and sometimes dominant process, such
as each of these, which are not well described by
the current models, than to ignore their effects. The
sensitivities of runoff and pesticide fate in soil to input
parameters are generally as expected. However, more
research is needed to evaluate such processes as soil
bulk density changes and kinetic sorption of charged
pesticides on water movement and pesticide fate and
transport.

There are other important processes in RZWQM
that need verification with the field experiments to fill
data gaps. These include metabolite transformation
and tracking, bound residue formation and the
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behavior of pesticides at the soil/air interface. Some of
these processes are tested in an accompanying paper.57
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